The NMR spectra of 19 F and 53 Cr have been obtained at low temperatures in a heterometallic substituted antiferromagnetic (AF) ring Cr7Cd with an S 3=2 ground state and compared with the spectra in a homometallic Cr8 AF ring with an S 0 ground state. From the analysis of the spectra one can derive directly model independent values of the staggered nonuniform distribution of the local moment in the heterometallic ring Cr7Cd. The experimental values are found to be in excellent agreement with the theoretical values calculated on the basis of an effective spin Hamiltonian which includes crystal field effects. [5, 6] . They are characterized by a strongly interacting magnetic core made of transition metal ions surrounded by an organic shell which prevents the magnetic interaction among different molecules. A particular subgroup of molecular nanomagnets, the so-called antiferromagnetic (AF) rings [7, 8] , has an almost coplanar ring shape with a number N of transition metal ions connected by bridging ligands, which mediate nearest-neighbor superexchange interaction J. Because of their finite size, AF rings have a discrete energy spectrum and every state can be labeled by the quantum numbers S (total spin value) and M S (projection along the quantization z axis). The energies of the lowest lying multiplet states for a given total spin S can be approximated in terms of the Lande's rule: ES P=2SS 1, where P 4J=N. An external magnetic field lifts the degeneracy of the M S levels thus inducing successive ground-state crossovers. Furthermore, intramolecular anisotropic interactions lead to uniaxial anisotropy and zero field splitting of the total spin multiplets.
Finite size nanoscopic systems have attracted attention for being halfway between atoms and bulk systems and thus important for their implications in fundamental physics. In this category molecular nanomagnets [1] have revealed very important features like the quantum tunneling of the magnetization (QTM) [2 -4] and have been indicated to be suitable for applications like magnetic storage, magnetoelectronics, and quantum computing [5, 6] . They are characterized by a strongly interacting magnetic core made of transition metal ions surrounded by an organic shell which prevents the magnetic interaction among different molecules. A particular subgroup of molecular nanomagnets, the so-called antiferromagnetic (AF) rings [7, 8] , has an almost coplanar ring shape with a number N of transition metal ions connected by bridging ligands, which mediate nearest-neighbor superexchange interaction J. Because of their finite size, AF rings have a discrete energy spectrum and every state can be labeled by the quantum numbers S (total spin value) and M S (projection along the quantization z axis). The energies of the lowest lying multiplet states for a given total spin S can be approximated in terms of the Lande's rule: ES P=2SS 1, where P 4J=N. An external magnetic field lifts the degeneracy of the M S levels thus inducing successive ground-state crossovers. Furthermore, intramolecular anisotropic interactions lead to uniaxial anisotropy and zero field splitting of the total spin multiplets.
Homonuclear AF rings like, e.g., Cr8 are characterized by a singlet zero field ground state with total spin S 0. On the other hand, in a recently synthesized subgroup of AF rings called heterometallic AF rings [9] the substitution of one of the magnetic ions with a different ion leads to a change of the ground state from S 0 to S Þ 0. As a consequence, the local spin moment in the ground state becomes redistributed in a staggered and nonuniform way. Heterometallic AF rings have been proposed as possible candidates for implementation of qubits for quantum computation [6] . In particular, the site dependence of local moments plays a key role in the scheme proposed for obtaining time dependent qubit-qubit interactions in the presence of permanent exchange couplings [6] .
With this motivation in mind we set up to derive directly the local spin moment distribution from NMR spectra. For this purpose we chose to establish the technique in one of the simplest heterometallic rings, i.e., Cr7Cd where a diamagnetic Cd 2 ion with s 0 is replaced for a paramagnetic Cr 3 ion with s 3=2. As will be shown it is possible to map the local spin quantum reduction and its distribution caused by the spin defect in the ring and give an account of the hyperfine interactions. The model independent experimental results obtained for the local spin moment are then compared with the prediction from theoretical calculations, based on a model Hamiltonian. The excellent agreement obtained is of paramount importance to give confidence in theoretical calculations in AF heterometallic rings based on model Hamiltonians. 3 ) was prepared as described in Ref. [9] . The sample has a tetragonal structure with two molecules for each primitive cell.
19 F and 53 Cr NMR spectra in Cr7Cd and 19 F spectra in Cr8 were performed using a pulsed NMR spectrometer at T 1:5 K. The spectra have been collected point by point by integrating the whole Hahn (90 -180 sequence) echo while sweeping the external field at the fixed Larmor frequency ! L .
The 19 F NMR spectra at low temperature are shown in Fig. 1 . In the homonuclear Cr8 case a single narrow and symmetric line is observed both for 19 F NMR (shown in the inset of Fig. 1 ) and for 1 H NMR (not shown here) proving that the local spin moment at the Cr 3 site is hsi 0 in the total spin S 0 ground state. On the other hand, the pronounced broadening and structure of the 19 F NMR spectrum in heterometallic Cr7Cd (see Fig. 1 ) is the result of the hyperfine interactions with the hsi Þ 0 local spin moments at the Cr 3 sites. An attempt to simulate the spectrum with the known dipolar interaction of 19 F with the Cr 3 magnetic ions indicates the presence of a sizeable contribution from transferred hyperfine contact terms [11] . Thus no model independent determination of the local spin moment distribution can be obtained from 19 F NMR. The 53 Cr NMR instead yields a direct information on the local spin moment of the magnetic ion. 53 Cr nucleus (I 3=2) has low natural abundance (9.54%) and very low sensitivity. In spite of this drawback, a weak signal was observed at high applied magnetic fields and low temperature.
Quadrupole effects of the 53 Cr (I 3=2) NMR can be disregarded since we measure the central line transition (1=2 ! ÿ 1=2) which is shifted only in second order and by a negligible amount at the fields at which measurements were made. In the field range 6 -8 T two weak signals were detected at high frequency (60 -63 MHz) which increase in frequency with increasing field as shown in Fig. 2 . Another broad line was detected at a much lower frequency which shifts at lower frequency by increasing the magnetic field (see Fig. 2 ). The NMR signal can be observed only at high fields at 1.5 K. In fact, the anisotropy barrier for reorientation of the spins along the uniaxial direction z is only of the order of 1 K and a high external field directed along the z axis is necessary to stabilize the local spin configuration and observe the NMR signal in the ''frozen'' local spin configuration (see Fig. 5 ). The field dependence of the resonance frequency is given by:
where the first term is the 53 Cr Larmor frequency in the external field H and the second term is the contribution of the contact field at the nuclear site [12] . Since the average local spin density at low T is constant in the field range investigated 5-10 T (see Fig. 5 ), one expects a linear field dependence whose slope is given by the gyromagnetic ratio , as observed in Fig. 2 . The gyromagnetic ratio extracted from the slope is 2:406 MHz=T, corresponding indeed to 53 Cr nucleus. In order to extract the parameters A and hsi from the data it is more convenient to convert the field-swept spectra to a zero field spectrum, as shown in Fig. 3 . To operate the conversion, the horizontal axis for the spectrum is changed from the magnetic field to the frequency by subtracting the field contribution at the nuclear site coming from the static external field. In this way the frequencies for the each peak position correspond directly to the internal field at nuclear site, as shown in Eq. (1) with H 0.
For the case of a d electron ion like Cr 3 the hyperfine field is dominated by core polarization which yields an internal field opposite to the polarization of the d electron Cr1-Cr7
Cr3-Cr5
Cr4
Cr2-Cr6
Spin echo intensity ( arb. unit ) f ( MHz )
FIG. 3.
53 Cr spectrum normalized to zero field (see text for details) in Cr7Cd at T 1:5 K. The inset gives the scheme of magnetic ion sites. [13, 14] . The relationship between the local internal field and the spin moment hsi is given by Eq. (1) with A given by the negative core polarization field A cp per 3d electron, i.e., per Bohr magneton and we will assume g 1:98.
From symmetry considerations one expects four inequivalent Cr sites with different spin moments (see inset in Fig. 3 ). These can be identified as three equivalent pairs (Cr1-Cr7, Cr2-Cr6, Cr3-Cr5) and a single ion (Cr4). From the inspection of the integrated intensity of the NMR lines in Fig. 3 , one can assign the single Cr4 site to the weaker line at 45.87 MHz (19.06 T). From the plot in Fig. 2 this line has a positive f versus H slope thus yielding a negative spin polarization hsi in Eq. (1) since A cp is also negative. Because of the antiferromagnetic interaction the polarization of the Cr2-Cr6 pair must also be negative as for Cr4 and thus they must be identified with the line at 44.22 MHz (18.38 T) in Fig. 3 (see also Fig. 2) . The remaining two pairs (Cr1-Cr7 and Cr3-Cr5) must have positive polarization hsi in agreement with the negative slope in Fig. 2 . These two pairs yield two NMR lines overlapping into a single broad line (see Fig. 3 ). The whole spectrum can be fitted with four Lorenzian lines having the same width (1.5 MHz) and intensity proportional to the number of ions per site, i.e., Table I and are plotted in Fig. 4 . It is stressed here that this determination of the staggered nonuniform distribution of local spin moments in the ring is model independent.
We turn now to the theoretical evaluation of the local spin moments to be compared with the experiments in Fig. 4 . Low-temperature properties of an AF ring containing N interacting magnetic ions can be described by the following spin Hamiltonian:
where s i are spin operators of the ith magnetic ion in the molecule (s N1 s 1 ). The first term is the isotropic nearest-neighbor Heisenberg exchange interaction (H exc ). The second term describes local crystal fields (CFs), with O q k s i Stevens operator equivalents for the ith ion [15] . The third term represents the dipolar anisotropic intracluster spin-spin interactions while the last term is the Zeeman coupling with an external field H. In the two systems studied in the present work molecular magnetic anisotropy is almost uniaxial [16, 17] . Hence, considering a reference frame with the z axis parallel to the ring axis, the CF term in (2) can be approximately rewritten as
where s z i are z components of the spin of the ith magnetic ion. Finally, the axial contribution to the intracluster dipole-dipole interaction D ij has been evaluated within the point-dipole approximation. For the AF rings studied here the dimension of the spin Hilbert space is rather large (e.g., 65536 for Cr8). Thus, to diagonalize H , we have followed a two-step procedure [16] . The Heisenberg contribution is largely dominant and the energy spectrum consists of a series of level multiplets with an almost definite value of jSj. Therefore, in the first step of the procedure only the first term in Eq. (2) has been considered. Exploiting the rotational invariance of H exc , the Hamiltonian matrix has been block factorized according to the total spin quantum number S and the corresponding eigenvalues and eigenvectors have been calculated. However, the complete Hamiltonian does not commute with S 2 , hence different S multiplets can mix (S mixing) and the complete Hamiltonian matrix should be diagonalized [16] . Given that in these systems S mixing is small (at least, far from level anticrossings), we have used the two- step perturbative technique described in Refs. [16, 18] to include it in the calculation. Calculated eigenstates and eigenvalues have been used to evaluate the magnetic field dependence of the thermal averages of local spin operators hs ii ( x, y, z). Results are summarized in Fig. 5 . For symmetry reasons, far from level crossings in ideal homometallic AF rings hs ii ' S=N, where S is the total spin of the ground state (Fig. 5) . On the contrary, the breaking of the ring symmetry in Cr7Cd leads to a staggered nature of hs ii and a reduction of the spin value from the s 3=2 value for a Cr 3 ion. The theoretical results are in good agreement with the experimental values (see Fig. 4 ). The slight systematic smaller experimental values can be explained by a small delocalization of the 3d orbital of Cr 3 which would reduce the measured experimental spin moment hsi and/or by the effective g values.
By concluding, we have shown that by analyzing the NMR spectrum of the nucleus ( 53 Cr) belonging to the magnetic ion one can determine directly both the core polarization hyperfine constant and the staggered local spin moment hsi in the heterometallic AF ring Cr7Cd. The values obtained for hsi are shown to be in good agreement with the theoretical values obtained on the basis of a model Hamiltonian with parameters determined by thermodynamic measurements. This should prove very valuable for the future estimate of local spin moment distribution in heterometallic AF rings of interest for applications such as Cr7Ni having ground state S 1=2. . Magnetic field dependence of the thermal averages of local spin operators hs z ii for Cr8 and Cr7Cd AF rings. The applied field is parallel to the ring axis. In Cr7Cd, the nonmagnetic Cd ion is assumed to be on site 8 (see inset Fig. 3 ). The Hamiltonian parameters have been determined in [16, 17] .
